Research to date indicates that post-transcriptional gene silencing (PTGS) is an effective strategy for the development of stable high-level resistance to Plum pox virus in plum. Field tests in Poland, Romania, and Spain show that after 5-6 years of natural aphid vectored inoculation, trees of the PTGS clone C5 remain virus-free. The effectiveness of transgene-based PTGS for imparting potyvirus resistance and the relatively rapid incorporation of this trait into Prunus germplasm suggests continued exploration and employment of this strategy for producing virus resistant stone fruits and other woody perennial tree fruits.
INTRODUCTION
Plum pox virus (PPV), the causal agent of sharka disease, is one of the most serious viruses affecting stone fruits, a group of commercially-produced Prunus species that includes peach, plum, apricot, and cherry (Nemeth, 1994) . PPV is spread by aphids and through the use of infected budwood. Symptoms of plum pox infection include leaf chlorosis, fruit chlorosis and deformation, premature fruit drop, and tree decline, particularly in the presence of other common Prunus viruses (Roy and Smith, 1994) . Originally reported from Bulgaria in 1932, PPV has spread throughout Europe where it has caused the destruction of over 100 million stone fruit trees. The scarcity of natural resistance and the lack of efficient control measures have made it difficult to stop the spread of PPV. Quarantine, plant sanitation, and eradication are the only available control strategies. Serious consequences result when these measures fail. Recent outbreaks of PPV in Chile, U.S., and Canada illustrate the potential for spread of this disease and the devastating consequences to the fruit industry. For example, during the first 2.5 years following the appearance of PPV in a limited area of Pennsylvania over 550 ha of stone fruit orchards were destroyed in order to contain and ostensibly eradicate the virus.
Important and useful work is underway on the development of resistant cultivars of stone fruits utilizing naturally occurring resistance genes (Hartmann, 2002; Kegler et al., 1998; Polak et al., 2002 ). Yet there are few highly resistant genotypes, and the number of genes affecting resistance, their inheritance, and their effectiveness against various strains of PPV are areas of inquiry that require further study. It is clear that a multifaceted approach to developing resistant plants is necessary. Using plum (Prunus domestica L.) as a model, we have shown that through genetic transformation, stone fruits highly resistant to PPV can be developed (Scorza et al., 1994; Ravelonandro et al., 1997) . This resistance is based on post-transcriptional gene silencing (PTGS) (Turner and Schuch, 2000) induced by the PPV coat protein transgene that was inserted into plum (Scorza et al., 2001 ). In the current report we describe field tests developed in order to evaluate resistance to natural aphid vectored infection. The results of these tests thus far suggest that transgene-based PTGS can be employed to produce PPV resistant cultivars and to produce resistant germplasm that can be used by fruit breeders as an important genetic resource to be combined with other sources of resistance for the development of new PPV resistant stone fruits.
MATERIALS AND METHODS

Transgenic Plum Lines
The transgenic plum clones containing the PPV coat protein gene used in this study were described previously (Scorza et al., 1994; Ravelonandro et al., 1997) and included clones C-2,-3,-4,-5 and -6, and PT-6. While C-5 was tested in all sites, not all clones were tested in each site. Ten-tree replicates were planted in each site that a clone was tested. 1. Poland. The field test in Poland was described by Malinowski et al. (1998) . While test plants were both graft-and aphid-inoculated, only results of natural aphid inoculation will be discussed in the current report. 2. Romania. The field test in Romania was described by Ravelonandro et al. (2002) . Only data from aphid-inoculated trees will be discussed in the present report. 3. Spain. Buds of transgenic clones C4, C5, C6, and PT6 containing the PPV-CP transgene, buds of transgenic clone PT 23 without the PPV-CP but containing the NPTII and GUS transgenes, and untransformed clones B70146 grafted on GF8-1 rootstock and 'Black Diamond' grafted onto Prunus myrobalan rootstock were field-planted in April 1997. Each transgenic clone was replicated with 10 trees, 5 per row (block) with 5-tree rows of non-transgenic trees planted between transgenic rows. Twenty-four trees of 'Black Diamond' were bud-graft inoculated with PPV-D, 3.3 RB/GF-Mp31GF (Asensio et al., 1999) . These inoculum source trees were distributed throughout the planting with at least 2 inoculated trees per row of untransformed trees. A double row of GF 677 almond × peach-trees was planted as guard around the entire experimental planting.
Inoculation with PPV
Test plants were allowed to acquire PPV through naturally occurring aphidvectors. Bud-graft inoculated control trees interplanted with test plants provided a ready source of inoculum from which aphids could acquire the virus. Existing plantings of highly infected untransformed trees that had been infected naturally by aphids were grown in the vicinity of each test planting in Poland, Romania, and Spain. These provided additional sources of infection from which aphids could acquire PPV.
PPV Detection
Leaves from test plants were assayed in Poland and Romania as described previously (Malinowski et al., 1998; Ravelonandro et al., 2002) . Briefly, trees were visually inspected for the presence of PPV symptoms and tested by DAS-ELISA at least twice a year. Additionally, TAS-ELISA using several monoclonal antibodies and RT-PCR assays with primers targeting a fragment of the viral replicase gene was performed on leaf samples. In Spain, leaves were collected during the growing season and infection assayed by DASI-ELISA using the universal PPV specific monoclonal antibody 5B-IVIA (Cambra et al., 1994) . ELISA assays did not detect the presence of transgene-produced PPV-CP in any of the non-PPV-inoculated PPV-CP transgenic clones.
RESULTS AND DISCUSSION
In 1996-1997 we began field trails in European countries, under appropriate permits, in locations where PPV could be carried naturally to the test sites by aphids. Each site represented a different intensity of infection pressure, different virus isolates, and different environmental conditions. In all field locations the transgenic clones and control trees generally proved to be susceptible to PPV with the exception of transgenic clone C5. After 5-6 years of testing in these 3 test sites not a single C5 tree exposed to natural populations of viruliferous aphids has tested positive for PPV. Levels of aphidvectored infection in susceptible transgenic and untransformed plants were 100% for C2, C3, C6, B70146, and 62.5% for C4 in Poland, 40-50% of all trees other than C5 in Romania, and 20% of all trees other than C5 (34% of all surviving trees other than C5) in Spain.
Greenhouse assays performed with transgenic plum lines carrying the PPV-CP indicated that C5 was highly resistant to PPV (Ravelonandro et al., 1997) although not immune to infection through chip-bud-inoculation (Malinowski et al., 1998) , an inoculation technique that provides high levels of virus direct access to the plant vascular system. We have also previously demonstrated the resistance of C5 to multiple strains of PPV (Ravelonandro et al., 2001a) and the transfer of this resistance to progeny of C5 resulting from hybridization with untransformed P. domestica (Ravelonandro et al., , 2001b and transgenic P. domestica not containing the PPV-CP . Yet the true test of resistance depends upon resistance in the field both in terms of the level and the durability of resistance. The observations in the present report demonstrate the lack of infection of C5 through naturally occurring aphid inoculation after 5-6 years and thus indicate the potential applicability of transgene-based PTGS for the development of stable virus-resistant tree fruits. The ability to rapidly incorporate high levels of PPV resistance into stone fruits as a single gene dominant trait is a unique advantage of this technology. This resistance may be combined with other resistance sources including naturally occurring genes (Salava et al., 2001) providing the possibility of developing a broad-based horizontal resistance, resulting from the combination of several genes for resistance to PPV. A disadvantage of this approach lies in the multigenic properties of natural resistance mechanisms studied to date (Kegler and Gruntzig, 1992; Hartmann, 1998; Polak et al., 2002) . Combining transgene-based resistance with the many, multigenic traits that are necessary for a successful commercial cultivar (fruit quality, yield, resistance to other diseases and pests) is a task requiring many years and the evaluation of many seedlings, even utilizing marker-assisted selection. Alternately, transgene-based resistance offers the possibility of direct cultivar improvement through transformation of established cultivars. Such a strategy circumvents the need to reconstitute a new cultivar and leads to a more rapid deployment of resistance. In this case, where resistance may be based solely on the action of the transgene, the stability of PTGS-based resistance in woody perennial species is a challenging topic that will require further investigation.
In light of the possibilities for the utilization of transgene-based PTGS we continue investigations in the development of improved transformation technologies, evaluation of field tests of resistant plants, and utilization of transgene-based PTGS in breeding. Our results thus far indicate that transgene-based gene silencing offers a viable approach to combat devastating virus diseases in tree fruits.
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